The purpose of this study is to investigate the effects of three external forces (tidal current, wind, and waves) on the movement of oil spilled during the Hebei Spirit oil spill accident. The diffusion of the spilled oil was simulated by using a random walk (RW) model that tracks the movement caused by advection-diffusion assuming oil as particles. For oil simulation, the wind drift current generated by wind and tidal current fields were computed by using the environmental fluid dynamics code (EFDC) model. Next, the wave fields were simulated by using the simulating waves nearshore (SWAN) model, and the Stokes drift current fields were calculated by applying the equation proposed by Stokes. The computed tidal currents, wind drift currents, and Stokes drift currents were applied as input data to the RW model. Then, oil diffusion distribution for each external force component was investigated and compared with that obtained from satellite images. When the wind drift currents and Stokes drift currents caused by waves were considered, the diffusion distribution of the spilled oil showed good agreement with that obtained from the observation.
Introduction
In South Korea, international trade and oil imports are increasing rapidly because of industrial development and rapid economic growth. In terms of the transportation involved in import and export, marine transport allows for transcontinental transportation with low freight rates by enabling simultaneous transport of large amounts of cargo. Therefore, in South Korea, more than 90% of the trading volume relies on marine transport; further, oil traffic accounts for about 30% of all marine transportation. Oil supertankers with capacities of 100,000 tons arrive and depart at ports more than 800 times annually, which increases the possibility of the occurrence of oil spill accidents. Such oil spills are caused by marine accidents involving ships (stranding, collision, and sinking), or due to carelessness; more than 300 cases occur annually.
The Hebei Spirit oil spill accident in the Yellow Sea was the largest marine oil spill in South Korea (Figure 1 [1] . A crane barge (Samsung 1), which was being towed by tugs (Samsung T5 and Samho T3) collided with an anchored very large crude oil carrier (VLCC, Hebei Spirit) carrying 263,541 tons of crude oil, registered to Hong Kong, thereby damaging the VLCC cargo tanks. The collision punctured three of the five tanks and resulted in the leakage of about 10,900 tons of cargo oil (Iranian heavy crude, Kuwait export crude, and UAE Upper Zakum crude). Although the oil recovery ship with a capacity of 200-500 tons arrived shortly after the accident, it was impossible to handle the spill because of the high waves (2-4 m) and strong winds (14-16 m/s); further, the installed oil fence proved ineffective due to the high waves. According to the Korea Coast Guard (KCG) report [2] , the spilled oil after the accident spread out rapidly toward coastlines because of the northwestern winds and currents during the next 30 days, thereby contaminating more than 375 km of coastlines on the west coast of South Korea. In particular, approximately 70 km of the Taean Peninsula shoreline was heavily impacted by thick stranded oil.The Ministry of Oceans and Fisheries (MOF) of South Korea predicted that the spilled oil after the incident would reach the beach within 24 h; however, it reached the beach within 13 h. The spilled oil affected the marine ecosystem because of harsh weather and the failure of initial disaster prevention. Thus, an oil spill is declared as a type of disaster because it not only causes the destruction of marine ecosystems but also incurs large costs in terms of damage compensation and cleaning up spilled oil. If the range of the spilled oil and the location and time to reach the beach are predicted accurately after the occurrence of the spill with a forecasting system that considers spilled oil diffusion, the damage can be reduced considerably.
The diffusion of spilled oil is a very complicated natural phenomenon that combines factors such as tidal flow (tidal currents, ocean currents, wind drift currents, longshore currents, and so on), weather (wind, water temperature, evaporation, and so on), waves, and biochemical reactions. Tidal currents, wind, and waves are especially important in predicting the range of oil diffusion, and if they are considered properly, the range of oil diffusion can be predicted accurately [3] .
Several studies have been conducted to reproduce the oil spill movement and evaluate the environmental and ecological impacts of the Hebei Spirit accident. Kim et al. [4] investigated the effect of tides on the travel time of oil spills through subtidal flow and examined the differences between subtidal flow simulation with and without tides, using a regional oceanic modeling system (ROMS) [5] . The authors concluded that tides should be included to accurately predict oil spill trajectories in a tide-dominated area such as the Yellow Sea. Kim et al. [6] investigated the effect of the wind drift factor for the Hebei Spirit accident under strong tidal conditions by comparing numerical simulation results with satellite image data. Lee et al. [7] simulated the wind waves to account for the oil transport caused by waves including the Stokes drift caused by weakly nonlinear waves. Yim et al. [8] monitored stranded oil for its identity and weathering status in three contaminated provinces along the west coast of South Korea. Kim et al. [9] applied a neural network (NN) and an adaptive threshold method to detect the oil slicks resulting from the Hebei Spirit accident and to monitor their evolution from synthetic aperture radar (SAR) images. They reported variations in the extent of the oil spill and its movement as affected by currents and winds. Kim et al. [10] evaluated the spatiotemporal variations and the rate of oil contamination in the water column following the Hebei Spirit oil spill to account for the oil contamination in the seawater of the intertidal zone exposed to continuous oil contamination from the oiled shoreline. Kim et al. [11] discussed the major shortcomings of Korea's oil spill compensation process and provided policy implications for promoting social and economic recovery in affected communities and maximizing residents' satisfaction through the compensation process. Meanwhile, Samaras et al. [12] introduced the oilholding-capacity approach to estimate oil concentration on the coast and the permanent oil attachment to the coast, and they tested for the Lebanon oil spill of 2006, using an open source Lagrangian oil spill model, the so-called MEDSLIK-II, developed by De Dominicis et al. [13] . However, there are few studies that evaluate the diffusion of oil considering the effect of external forces such as tides, wind, and waves simultaneously.
This paper presents the numerical results of the Hebei Spirit oil spill accident, considering three external forces (tidal current, wind, and waves). Tidal currents and wind drift currents were calculated by using the environmental fluid dynamics code (EFDC) model; the simulating waves nearshore (SWAN) model was applied to calculate the Stokes drift currents caused by waves. The oil spill diffusion was simulated by the random walk (RW) model based on the calculated three factors. The calculated oil diffusion distribution was compared with the observation data obtained 13 h after the oil spill, at which the spilled oil flowed into the shore of Manripo and Sinduri beach (8 p.m., on 7 December 2007), and at the time when the satellite image was taken (11 a.m., on 11 December and 2007) by the European space agency (ESA). Moreover, the effects of tidal currents, wind, and waves on oil diffusion distribution were investigated.
The remainder of this paper is organized as follows. Section 2 describes the adopted numerical approach and input data of the Hebei Spirit oil spill simulation and the field observation data. In Section 3, numerical results are discussed, focusing on the effects of the consideration of tidal currents, wind drift currents, and Stokes drift currents on oil spill diffusion. Finally, Section 4 presents conclusions.
Materials and Methods

Numerical Model
The oil spill model was constructed by following the steps illustrated in Figure 2 . To investigate the effect of tidal current, wind, and waves on oil spill, the Hebei Spirit oil spill was employed as the numerical model. We constructed an oil spill diffusion model that can be considered for tidal current, wind drifts current caused by wind, and Stokes drift current caused by waves. Then, we reviewed the oil diffusion distribution based on each factor.
The EFDC and SWAN model were used for the calculations of tidal and wind drift currents and waves, respectively. The Stokes drift currents were also calculated by using wave heights, wave periods, and wave directions from the SWAN model results. These tidal and wind drift currents and the Stokes drift currents are applied to the RW model as input data, and the oil transport in the RW model are modeled by tracking particles that represent individual portions of the spill [14] . The models applied in the current study are briefly described below, focusing on the governing equations.
The EFDC model has been applied to rivers, lakes, reservoirs, wetlands, estuaries, and coastal ocean regions and was originally developed at the Virginia Institute of Marine Science (VIMS) in support of the environmental assessment and management of the US. It was developed and changed by many workgroups, wherein the hydrodynamic part of the model was built by Hamrick [15] and published on US EPA Public Domain. The EFDC model has been tested and validated by many researchers in a wide range of hydrodynamic and environmental studies [16] [17] [18] [19] [20] [21] . The EFDC model solves the three-dimensional, vertically hydrostatic, free surface, turbulent averaged equations of motions for a variable density fluid. Dynamically coupled transport equations for turbulent kinetic energy, turbulent length scale, salinity, and temperature are also solved. The model uses a stretched or sigma vertical coordinate and Cartesian or curvilinear, orthogonal horizontal coordinates to represent the physical characteristic of a water body. In this study, we used the EFDC-DS version, which was modified, and we added preprocessing and post-processing functions in Fortran 95 code, developed by Craig [22] . The governing equations for the EFDC hydrodynamic model are given below.
The continuity equation is as follows:
The momentum equation is as follows: where is time, is the free-water level, is the total depth ( = ℎ + ), and ℎ is the mean water depth; , , are the velocities in the directions of , , and coordinates; = , , and are the transformation scale factors in the horizontal coordinates; is the Coriolis parameter;
and are the source and sink term, respectively; and is pressure, g is the gravitational acceleration, and is the vertical turbulent determined by the Mellor-Yamada Level 2.5 turbulence closure model [23] . Further details and technical descriptions of the EFDC model are provided in the report by Hamrick [15] .
The SWAN model-specifically designed for coastal applications-was developed at the University of Delft in the Netherlands; it is one of the wave models widely used by engineers and scientists for wave research [24] [25] [26] [27] . The SWAN model considers the generation of wind-induced waves, the wave refraction caused by changes in water depth, white capping, and bottom friction, and the disappearance of waves caused by wave breaking, reflection, and diffraction by structures. The model is a third-generation wave model for obtaining realistic estimates of wave parameters in coastal areas, lakes, and estuaries from the given wind, bottom, and current conditions. Further details on the first-, second-, and third-generation wave models can be found in [24] . The SWAN model is based on the spectral action balance equation to account for wave-current interaction. The formulation of the action balance equation in Cartesian coordinates is given as follows:
where ( , ) is the action density spectrum, is the relative radian frequency, is the propagation direction normal to the wave crest of each spectral component, and is time; , , , , , and denote the propagation velocity in the -space, -space, -space, and -space, respectively; and is the source term in terms of energy density, including atmospheric input, dissipation owing to depth-induced wave breaking, bottom friction, and white-capping, triad, and quadruplet nonlinear wave-wave interactions. The first term on the left-hand side of Equation (4) In the RW model, oil is assumed to be a collection of particles floating above the water surface. This model applies the Lagrangian method to trace the location of particles, which move independently with time, owing to the advection and diffusion with constant volume. The advection term is calculated by using flow velocities, and the diffusion term is calculated by using the random walk theory. This method has better numerical stability and saves computation time compared to the conventional Eulerian method. When the particles are passive contaminants, the moving positions of the particles owing to advection and diffusion are obtained by the drift velocity vector ( and ) and the dispersion velocity component ( and ′) as follows:
where the drift velocity and dispersion velocity components are defined as follows:
where ℎ is the water depth; and are velocity components in -and -directions, respectively; and are horizontal diffusion coefficients in the -and -directions, respectively; and and are random numbers.
Field Observation
Satellite images and wind and wave conditions were investigated to specify the sea and weather conditions nearby Taean on the day of the Hebei Spirit oil spill; the conditions were then adopted as the calibration and input data for the simulation. Figure 3 shows the satellite image taken by ESA at 11 a.m., on 11 December 2007. As shown in Figure 3 , most of the oil flowed to Taean at 11 a.m., on 11 December 2007, 5 days after the oil spill occurred at 7 a.m., on 7 December 2007; the southern part of spilled oil spread out to the sea near Anmyeondo. According to the study by Kim et al. [11] , the oil spread rapidly and in the largest amounts to the outermost coastlines of the Taean peninsula and then gradually southward, as far as the Shinan coast, as shown in Figure 4 . Further, they reported that, tar-crude oil turns into tar-was found in the waters near Gunsan in 10 days (100 km away) and in the Shinan waters in South Jeolla Province in about 21 days (250 km away). Because of less quantitative field data, Figures 3 and 4 depicting the trend of oil spill distribution were employed for comparison with numerical results. Figure 7 shows the location of the verification points and the bathymetric chart for the numerical simulation. The numerical domain was set at 130 km east-west, 113 km south-north direction from Anmyeondo to Youngheungdo. The grid size is 500 m, and a valid grid number of a total of 39,241 each composed of 264 each east-west and 230 each south-north was designed. Further, a threedimensional model with three vertical layers, which considers that the oil movement mostly occurred on the surface layer, was constructed. The ratio of the vertical layer was set to 0.01 (surface layer), 0.09 (middle layer), and 0.90 (bottom layer). The thickness of each layer in the EFDC model was set by multiplying the vertical layer ratio and water depth. In the RW model, the velocity of the surface layer was applied. The numerical simulation was performed for 16 days from 7 December 2007, when the Hebei Spirit oil spill occurred, until 22 December 2007; the duration of the simulation includes the day when the satellite image was captured (11 December 2007) . The tide was based on four major tidal components, which are M2 (lunar semidiurnal), S2 (solar semidiurnal), K1 (lunisolar declinational, diurnal), and O1 (lunar diurnal).
Satellite Image
Results
Verification of the Tidal Model
To examine the reliability of the numerical model in this study, the model was verified based on the observed data obtained by the Korea Hydrographic and Oceanographic Agency of the tidal elevation at three points (T-1-3), which were measured by RBR's XR-420-TG (pressure logger), and tidal currents at the two points (C-1-2), which were measured by AANDERAA's RCM7 (doppler current meter), as shown in Figure 7a . Tidal currents were measured at 5 m under the water surface. The vertical layers of the numerical model were set at ratios of 0.01, 0.09, and 0.90, as described above, and thus, the computed tidal currents used for the numerical verification at the same water depth as the observed data were calculated by interpolating the tidal currents at each layer.
The time series of the calculated tidal elevation and currents for 16 days, from 7 December 2007 until 22 December 2007, were compared with those of the observed data. Figures 8 and 9 show the numerical results of the time series of the tidal elevation at Taean (T-1), Sinjindo (T-2), and Backsajang (T-3), and the tidal currents at the points of C-1 and C-2. The solid and circle sign indicate the observed and computed data, respectively. Although there is a small difference, good agreements in both the tidal elevation and tidal current velocity can be seen between the observed and computed data. Therefore, it implies that the tide amplitude, tide phase, and tidal currents are reproduced properly in the numerical model. The observed and calculated harmonic constants of tidal elevation and currents and errors are presented in Tables 1-3 . 
Tide and Wind Numerical Experiment
As shown in Figure 2 , the numerical experiments were performed for Case 1, considering only tidal currents, and Case 2, considering tidal currents and wind drift currents simultaneously. In Case 2, additional wind time-series data were input during the numerical experiment. Figures 10-13 show the simulation results for Case 1 of flood and ebb tidal currents on the surface and bottom layers during the spring tide. Figures 10 and 11 
Wave Numerical Experiment
As shown in Case 3, in Figure 2 , a wave numerical experiment was performed to consider the Stokes mean drift caused by the external force in the oil spill numerical experiment. The Korea Coast Guard (KCG) report [2] suggested that the oil arrived at Sinduri Beach 13 h after the oil spill. As shown in Figure 6 
where is the wave height, is the wavelength, is the wave speed, is the wave number, and ℎ is the water depth.
Stokes mean drift was applied as an external force to oil spill simulation from 7 a.m. to 8 p.m., on 7 December 2007. Figure 15 shows the numerical results satisfying the wave conditions observed at the Gadaeam buoy simulated by the SWAN model. From the co-wave height map in Figure 14 , it is confirmed that the wave height is 1.5-2.0 m near Taean. 
Oil Spill Numerical Experiment
The oil spill model considers the factors of tidal currents, wind drift currents, and Stokes drift currents for the Hebei Spirit oil spill. The distribution of oil spill diffusion was investigated, considering the effects of each factor. The simulation duration was five days from 7 December 2007, when the oil spill occurred, to 11 December 2007. The duration includes the event wherein the spilled oil flowed into Manipo and Sinduri beach at 8 p.m., on 7 December 2007. The diffusion range of the spilled oil was simulated and verified by comparing the observed data and the simulation data. The spilled oil particles were released 20 each per 60 s for 9 h at the location of the oil spill with the assumption that the discharge of the spilled oil continued for 9 h.
To maintain the simplicity of the RADOM-WALK model and focus on the effects of the tidal currents, wind, and waves on oil diffusion distribution, the spilled oil particles did not consider coastal soil types and evaporation, and they were designed to be conservative and modeled to be trapped onshore. Further, the movements on the advection and diffusion of the horizontal plane at the surface were targeted; movements in the vertical plane were not considered. The horizontal diffusion coefficient was applied at 15 m 2 /s.
Oil Spill Distribution Considering Tidal Currents (Case 1)
The results of the oil spill diffusion simulation considering only tidal currents are shown in Figure 16 . As shown in the results of the diffusion distribution of the spilled oil 13 h after the accident (8 p.m., on 7 December 2007, when the spilled oil reached Manripo and Sinduri beach), the spilled oil spread out in the northeast and southwest direction by the typical reversing tidal currents because of the northeastward currents at the flood and the southwestward currents at the ebb. However, oil attachment to the shore is not observed because there is no shoreward flow as shown in Figure 14a . According to the oil diffusion distribution five days after the accident (11 a.m., on 11 December 2007), the oil moved to northeast-southwest direction, owing to the advection and diffusion caused by the reversing tidal currents. The oil diffusion distribution seemed almost similar to that seen in the satellite image, whereas the diffusion distance between the south and north directions was shorter than that in the observed data in the satellite image; further, a small amount of oil reached the beach. Figure 17 shows the result of the oil spill diffusion simulation considering tidal currents and wind drift currents. The result at 8 p.m., on 7 December 2007, shows a similar diffusion trend to the case considering only tidal currents, such as spreading out to the northeast-southwest direction because of the typical reversing tidal currents. However, in this case, it is observed that some spilled oil approaches the Manripo and Sinduri beach, owing to the wind drift current. According to the results at 11 a.m., on 11 December 2007, the spilled oil continued to diffuse in the northeast-southwest direction because of the reversing tidal currents, and the spilled oil reached the beach owing to the wind drift current. Moreover, the diffusion distance between the south and north seemed to almost match with the diffusion distribution of the satellite image. Thus, based on these results, it was determined that the wind drift currents contributed to oil attachment to the coast. Figure 18 shows the result of oil spill diffusion simulation considering the tidal, wind drift, and Stokes drift currents. According to the oil spill diffusion distribution at 8 p.m., on 7 December 2007, the spilled oil diffused in the northeast-southwest direction was similar to that in the other cases. In addition, more spilled oil reached Manripo and Sinduri beach than that in Case 2 because of the Stokes drift currents caused by waves. This tendency is well-matched with the opinion of the locals that the oil reached the Manripo and Sinduri beach in the early stage, about 13 h after the accident. The results at 11 a.m., on 11 December 2007, show the analogous diffusion characteristics to the case considering wind drift currents. The diffusion distance between the south and north directions almost matched with the diffusion distribution seen in the satellite image. 
Conclusions
In this study, an oil spill diffusion model was established, considering tidal currents, wind, and waves by reproducing the Hebei Spirit oil spill, a major oil spill in South Korea. The threedimensional model was established based on the fact that spilled oil moves on the water surface by setting up three layers vertically. Surface flow velocity was used in the spilled oil distribution simulation for the Hebei Spirit oil spill. When the wind drift currents and Stokes drift currents caused by waves were considered, the diffusion distribution of the spilled oil showed good agreement with that obtained from the observation. For reproducing the Hebei Spirit oil spill model, the tidal current was an important factor to identify oil movement in the northeast-southwest direction, and the wind drift current and the Stokes drift current caused by waves were important for identifying the spilled oil movement for reaching the beach. These results suggest that the prediction of wind and waves is the most important factor to forecast oil spill diffusion that can reach the beach shore in the early stage; in addition, it is necessary to consider the wind and Stokes drift currents to simulate the oil diffusion phenomenon. 
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